Abstract. We propose a novel carrier phase recovery algorithm based on constellation partitioning and maximum likelihood phase decision (MLPD) for square 16-ary quadrature amplitude modulation format in optical coherent transmission systems and verify its performance by PDM-16QAM simulation. Compared with classic carrier phase recovery algorithm like blind phase search algorithm, the simulation results show that the complexity of the proposed algorithm is much lower while the OSNR tolerance is very similar.
be regarded as the same in a short-time block; θ n is the phase noise including ASE noise and device's electrical noise. To estimate the phase error θ L more accurately, samples are recovered one by one using slide window whose block length is N.
The proposed algorithm is based on constellation partitioning and maximum likelihood phase decision. Firstly, samples are partitioned into two subgroups, Class I (blank points) and Class II (solid points), as shown in Fig. 1(b) . This operation is constellation partitioning. The Class I samples are characterized by their modulated phase angles of π/4+n·π/2 (n=0…3). It means the modulated phase of Class I samples could be limited among four phase values {π/4, 3π/4, 5π/4, 7π/4}. At beginning, samples are partitioned and the first sample 1 S which belongs to Class I in the block is selected as the reference value. Each sample in the same block is multiplied by the conjugation of the reference sample and the relative phase difference ( ) k θ ∆ between each sample and the reference could be obtained by calculating the angle of the product:
θ is the true modulated phase of the selected sample. It is noticed that there is no θ L in the relative phase difference because of θ L 's invariance.
Then the novel method is used to obtain one assumed modulated phase corresponding to one sample. This is based on maximum likelihood estimation: we could make a phase decision to get an assumed modulated phase according to the constellation region that the corresponding sample lies in as long as the sample is close to a reasonable ideal constellation point. This assumed modulated phase and the true one should be an integral multiple of π/2 apart in phase so the phase difference could be removed by 4-th power operation. The mapping relationship is displayed in Fig. 1(c) . It's obviously that Class I samples have better decision accuracy than Class II. We refer to this technique as the "maximum likelihood phase decision".
By using above method, the selected sample S 1 's assumed modulated phase θ ' S1 is assumed to be one value of {π/4, 3π/4, 5π/4, 7π/4} because of the mapping relationship. [ ]
where
The result is raised to 4-th power to remove m·π/2, since [exp(jm·π/2)] 4 =1.
After that the average phase error estimation for square 16QAM format could be extracted and the impact of θ n could be mitigated by calculating the angle of the vector composed of the sum of the N normalized symbols as follow: Fig. 2 was a 240Gb/s PDM-16QAM system using coherent receiver with various optical signal noise ratio (OSNR) and linewidth. At the transmitter side, optical square 16QAM signals are generated by driving optical IQ modulator with four 16QAM data sources (I x , Q x , I y , Q y ) and PDM is achieved by using polarizing beam splitter (PBS) and polarizing beam coupler (PBC). The receiver consists of the PBSs, local oscillator (LO), 90 degree hybrids, balanced photodetector (BPD) pairs and analog-digital converters (ADC). The linewidth of transmitter laser and local laser was set equally. The sampling rate of the receiver was 60GSa/s.
The sampled data were down sampled to one sample/symbol by DSP, where the optimum sampling phase was assumed. The average effective block sizes in both algorithms (the proposed one and BPS) were set to 20 for fair comparison. Effective block means all samples in the block involve in calculating. Fig. 3(a) gives the bit error rate (BER) curves with different OSNR when laser linewidth was 100kHz in back-to-back (BtB) with zero frequency offset and in 10×80km transmission with 1GHz frequency offset. DSP was the same as showed in Fig. 2 DSP architecture except phase recovery method. Both methods have virtually the same performance especially with high OSNR under BtB and 10×80km respectively. The OSNR tolerance over 10×80km transmission is about 1dB lower than the BtB expectation because of the transmission and residual frequency offset impairment. The results with ideal condition (BtB, zero laser linewidth and frequency offset) are displayed as a reference. It is shown that the penalties between BtB results and ideal condition results are small which means both algorithms have good phase compensation effects.
The results on linewidth impacts are shown in Fig. 3(b) , where OSNR was 21dB and frequency offset was zero. It is observed that the performance difference between two methods increases with the linewidth. It means the proposed algorithm is more sensitive to the noise phase than BPS under large linewidth because a larger linewidth induces a faster-changing symbol phase, resulting in that modulated phase may be decided by mistake, but the difference is little.
From the simulation, we find that if the proposed method only uses Class I symbols and increases the block size of carrier phase recovery to keep the number of effective samples same as before to remove the noise phase, the OSNR and linewidth tolerance could improve. The reason is that the area of assumed modulated phase decision region of Class I symbols is larger than the area of Class II so that the correct rate of assumed modulated phase decision is higher. Table 1 gives the complexity per effective sample of proposed algorithm in comparison of the BPS algorithm in a 16QAM system. We discuss the required operation for an effective block and the effective block length is N. The complexity is measured by real number calculation. Here, the number of test phase of BPS is assumed as 32 for 16QAM.
IQ-
It is clear that the proposed algorithm has obvious advantage in computational complexity, and the complexity is roughly 1/7 of BPS. In practice, the process could be simplified by only handling with the Class I symbols and ignoring the Class II symbols to reduce the algorithm complexity further at the expense of time delay. This simplified algorithm could be used for higher-order QAM formats like 64QAM and tolerate lower OSNR and larger linewidth. 
Summary
A novel digital carrier phase recovery algorithm for 16QAM modulation format with optical coherent receivers has been proposed. As compared to BPS, the proposed algorithm could achieve a similar performance under high OSNR and small linewidth (<600kHz) and reduce the DSP complexity greatly. Nowadays, a commercial laser with linewidth under 100kHz is available and usually used for coherent systems so this algorithm seems appropriate.
